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The sebaceous gland is renewed throughout adult life and 
homeostasis of this particular organ is controlled by a precise inter-
play of hormones, cytokines, signalling molecules and mediators 
of the lipid metabolism. Although the true function of sebaceous 
glands has yet to be fully determined, recent evidence demonstrates 
that normal homeostasis of the sebaceous gland and functional 
lipid metabolism of sebocytes is crucial for maintenance of the 
skin barrier. In addition, analysis of mutant mouse models revealed 
a close interdependency of the sebaceous gland with hair follicles 
because abnormal morphogenesis of sebaceous glands often results 
in degeneration of hair follicle structures. Anomalous regulation 
of sebaceous glands is involved in the pathogenesis of acne, one of 
the most prevalent human diseases, or could lead to formation of 
sebaceous hyperplasia and tumours. This review highlights some 
of the recent findings on the importance of signalling pathways 
controlling morphogenesis and differentiation of the sebaceous 
gland in vivo.

Introduction

The sebaceous gland and hair follicles constitute the pilosebaceous 
unit of the skin (Fig. 1). Development of the pilosebaceous unit starts 
at day 14.5 of mouse embryogenesis and involves an ordered set of 
developmental processes. In recent years formidable progress has been 
made in understanding how hair follicle development and regenera-
tion are regulated.1-3 The formation of hair follicles occurs in well 
delineated stages and some of the crucial signalling molecules and 
factors controlling these developmental processes have been unrav-
eled.4 In contrast, much less is known about the formation of the 
sebaceous gland. During late embryogenesis, developing hair follicles 
(hair peg stage) display several bulges of which one will give rise to 
the sebaceous gland and is located just above the hair follicle stem cell 
bulge and below the infundibulum of the developing follicle.

The sebaceous gland arises as an outgrowth of the outer root 
sheath of the hair follicle as undifferentiated sebocytes emerge from 

peripheral basal cells and then move centrally as first partially, and 
later fully, differentiated sebocytes. The fully developed sebaceous 
gland remains attached to the hair follicle throughout adult life. 
Differentiated sebocytes produce and secrete lipid-rich sebum into 
the hair canal that empties out to the skin surface.5 It has been 
demonstrated that normal development and proper maintenance of 
the sebaceous gland are required for skin homeostasis since atrophic 
sebaceous glands and disturbances in sebaceous lipid composition 
result in major defects of the physiological barrier of the skin.6

The sebaceous gland is constantly renewed throughout adult 
life by a population of progenitor cells responding to a coordinated 
interplay of various signals thereby controlling the balance between 
proliferation and differentiation of the tissue.7 Two models have 
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Figure 1. Wholemount of pilosebaceous unit isolated from mouse tail skin. 
Micrograph of wholemount stained with hematoxylin displaying two pilose-
baceous units of mouse skin. B, bulge region of the hair follicle containing 
the stem cell compartment; HF, hair follicle; IFE, interfollicular epidermis; SG, 
sebaceous gland.
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explored utilising a different transgenic mouse model exhibiting 
manipulation of Smad signalling. Particularly, Smad signalling 
was ablated in the skin by overexpression of the Smad antagonist 
Smad7 under the control of the keratin5 promoter. Analyses of 
these mice pointed to a direct interaction between Smad7 and the 
Wnt/β-catenin pathway involving the recruitment of the E3 ligase 
Smurf2, thereby targeting cytoplasmic β-catenin for degradation. 
This suppression in Wnt/β-catenin signalling activity resulted in 
accelerated sebaceous gland morphogenesis and increase in sebocyte 
differentiation.19 Interestingly, aged skin often features enlarged 
sebaceous glands and exhibits upregulation of Smad7 expression20 
associated with reduced β-catenin protein levels.19

There is good evidence that activation of c-myc in mouse skin 
results in enhanced sebaceous gland morphogenesis,21,22 and induc-
tion of sebocyte cell fate even within the interfollicular epidermis.23 
The effect of myc is somewhat surprising because c-myc is reported 
to act downstream of β-catenin and to be a direct target gene of 
canonical Wnt signalling.24,25 In skin, c-myc and β-catenin exert 
opposing effects on sebocyte differentiation. Analysis of transgenic 
mice with simultaneous activation of c-myc and β-catenin revealed 
mutual antagonism: c-myc blocked β-catenin-mediated formation of 
ectopic hair follicles and β-catenin reduced c-myc-stimulated sebo-
cyte differentiation.26

Taken together, these data implicate, that antagonising Wnt/β-
catenin signalling constitutes an important prerequisite for normal 
sebaceous differentiation in postnatal skin tissue.

Hedgehog Signalling Pathway

There is good evidence for a function of the Hedgehog signalling 
pathway controlling the equation of proliferation and differentia-
tion of sebocytes.27 Inhibition of Hedgehog signalling in the skin 
by overexpressing a dominant-negative transcription factor Gli2 
(K5-Gli2∆C4) leads to suppression of sebocyte development. In 
contrast, ectopic Hedgehog signalling by overexpression of a gain 
of function mutant receptor smoothened (K5-M2Smo) induced an 
increase in number and size of the sebaceous glands.28 Interestingly, 
transgenic mice overexpressing Sonic hedgehog under the control of 
the keratin14 promoter do not show an enlargement of sebaceous 
glands.29 Instead, it has been shown that a different hedgehog ligand, 
Indian hedgehog, is expressed in mature sebocytes and could play an 
important role in regulating proliferation and differentiation of the 
sebaceous gland in skin.30 This hypothesis is supported by experi-
ments demonstrating that treatment of human sebocyte cells with 
cyclopamine, an antagonist of hedgehog signalling, reduces prolif-
eration and stimulated sebocyte differention.30 These data exploring 
human sebocyte cultures suggest that hedgehog signalling could be 
a positive regulator of proliferation of progenitor cells. Interestingly, 
the canonical Wnt/β-catenin pathway may also be linked to Indian 
hedgehog signalling in sebocytes, as overexpression of mutant 
∆NLef1 leads to upregulation of Indian hedgehog in human sebo-
cyte cells in culture.30,31 This suggests that a tight balance of both 
signalling cascades is crucial for proper sebaceous gland proliferation 
and differentiation.

More recently, hedgehog signalling has been shown to be involved 
in regulating duct fate in sebaceous glands. Transgenic mice with 
constitutive expression of the hedgehog effector molecule Gli2 
develop prominent sebaceous ducts and additional pairs of highly 

been proposed to describe how sebaceous gland cells might arise 
and regenerate. One is that bulge stem cells of the hair follicle serve 
as multipotent progenitors which migrate upwards to generate the 
sebaceous gland.8,9 Another possibility is that self-renewing stem or 
progenitor cells reside within the sebaceous gland itself to generate 
and maintain the mature sebocytes.10,11 Recently, the molecular 
signatures characteristic for the hair follicle stem cell compartment 
have been unraveled.12,13 However, relevant signalling molecules 
important for sebaceous gland development and maintenance of 
sebocyte precursor cells have not been yet discovered.

In addition to cell autonomous regulators and signals guiding 
proliferation and maturation among sebaceous cells, the diverse 
cellular environment and components of the extracellular matrix 
surrounding the sebaceous gland might have a profound effect on 
homeostasis of the tissue. Given that a molecular cross-talk between 
dermis (dermal condensate, dermal papilla) and overlaying epithelial 
cells (outer root sheath, matrix cells) is a prerequisite for initiation 
and maintenance of hair follicle structures,14 it seems most likely that 
similar mechanisms of communication between basal keratinocytes of 
the sebaceous gland and the surrounding dermal tissue will apply.

Recent studies exploring mouse models are just beginning to 
elucidate the signalling pathways regulating homeostasis between 
proliferation and maturation of the sebaceous gland in vivo. This 
review will highlight important signalling molecules that have been 
identified as crucial modulators of the differentiation program expe-
rienced by sebocytes.

Canonical Wnt/β-Catenin Signalling

Several components of the canonical Wnt/β-catenin signalling 
pathway have been implicated in epidermal cell fate decisions, 
including regulating sebaceous lineage differentiation. Blocking 
canonical Wnt signalling during skin development by expression 
of a dominant negative mutant transcription factor Lef1 (∆NLef1) 
under the control of a keratin14 promoter results in transdifferentia-
tion of hair follicle keratinocytes into mature sebocytes.15,16 De novo 
sebocyte differentiation occurs along the length of the hair follicle 
and is not defined to a particular region of the pilosebaceous unit. 
One interesting question arising is if the change in cell fate towards 
sebaceous lineage is dependent on reprogramming stem cells of the 
hair follicle. This is particularly interesting because in addition to the 
newly recognised plasticity of adult stem cells, there is an increasing 
number of examples of cells changing fate after commitment to a 
particular program of differentiation.

Recently, it has been discovered that a high proportion of 
human sebaceous adenomas and sebaceomas have double nucle-
otide mutations within the β-catenin binding domain of the lef1 
gene. These mutations within the NH2 terminus of Lef1 prevent 
β-catenin binding and inhibit expression of β-catenin target genes.17 
Accordingly, transgenic mice expressing N-terminally deleted ∆NLef1 
in the skin develop spontaneous sebaceous tumours.16 In an attempt 
to investigate how Lef1 mutations contribute to tumour formation 
it was discovered that keratinocytes of K14∆NLef1 transgenic mice 
failed to upregulate p53 and p21 proteins during tumourigenesis 
and in response to UV irradiation, and this correlated with impaired 
p19Arf induction.18

The consequences of antagonising canonical Wnt/β-catenin 
signalling for sebaceous gland differentiation has been further 
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PPAR activation are accomplished in close  coordination between 
PPARs and signalling pathways known to be important for regu-
lating skin development and epidermal homeostasis.

Summary and Outlook

Over the last years we have begun to characterise some of the 
crucial factors controlling sebaceous gland morphogenesis and 
differentiation. Recent studies exploring mouse models have iden-
tified canonical Wnt/β-catenin and hedgehog pathways as well 
as c-myc activation as important modulators of proliferation and 
maturation of sebocytes in vitro and in vivo (Fig. 2). However, 
the exact molecular mechanism how these signals govern sebocyte 
function has not been elucidated yet. Particularly, it is tantalising 
to unravel how the different signalling events are connected and 
regulate each other. Although some progress has been made in our 
understanding how sebocyte differentiation is regulated, hardly 
anything is known about essential inductive events responsible 
for the morphogenesis of the sebaceous gland during embryonal 
and neonatal development. It will be challenging to determine the 
molecular mechanism by which hormones, lipid metabolism and 
signalling pathways/cytokines regulate sebocyte function in vivo 
and how an imbalance of one of these important modulators affects 
the others causing abnormal sebaceous gland differentiation and 
skin diseases. In the future, it will be important to unravel how 
sebaceous gland function impacts different compartments and cell 
types of the skin. Furthermore, to conceive how sebaceous glands 
contribute to skin pathology we need to increase our understanding 
of basic molecular and cellular mechanisms governing development 
and morphogenesis of the sebaceous gland.
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branched sebaceous glands.32 The authors identify keratin6 as a 
marker for sebaceous duct cells and present a direct link between 
keratin6 expression and hedgehog signalling activity in sebaceous 
duct cells in vivo. These results now shed light on one potential 
mechanism for how mutations affecting keratin6 and keratin partner 
genes lead to defects of the pilosebaceous unit that are often associ-
ated with abnormal expansion of sebaceous glands in patients.32

Lipid Metabolism

Constituents of the lipid metabolism have been shown to be 
important for sebaceous gland morphogenesis. Targeted deletion 
of stearoyl-CoA desaturase 1 (SCD1) or mutations within the 
gene coding for this key enzyme of mammalian lipid metabolism 
(asebia mouse) result in atrophy of sebaceous glands of the skin and 
Meibomian glands of the eyelid as well as abnormal hair growth.6,33-35 
SCD1 converts saturated fatty acids into monounsaturated fatty acids 
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deficiency leads to disruption of the epidermal lipid barrier most 
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unsaturated fatty acids for sebaceous gland formation and functional 
skin barrier. Furthermore, the SCD1 mouse mutants are representa-
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glands. Particularly, it has been observed that damaging one of the 
two organs results in disturbance of homeostasis of the other one. In 
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results provoke the speculation that the effects observed following 

Figure 2. Signals controlling sebocyte differentiation in vivo. Summary of 
major signalling pathways regulating differentiation of the sebaceous gland 
in vivo. Repression of β-catenin signalling and activation of c-myc and hedge-
hog signalling cascade are important for the differentiation and maturation 
process experienced by sebocytes.
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